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FRC TRANSLATION INTO A COMPRESSION COIL

Robert E, Chrien

Los Alamos National Laboratory, Los Alamos NM B7545

I. Introduction: The equilibrium and translational kiunematics of
Field-Reversed Configurations (FRCe) in a cylindrical coil which doee not
conserve flux are problems that eavise in connection with adiabatic
compregsional heatfing. The usual treatments of the equilibrium problem foE
FRCs apecify a fixed amuunt of open flux within a conductimg boundary,
and In previous work the kinguztics of tremslatfon between two flux
conservers have bean discusseed. However, in order to most efficiently
heat the FRC plasma, 1t {8 desirable to translate the FRC, after it {g
formed, into a close-fitting compression coil and then tc adiabatically
compreas the plasma by increuasing the open flux.? The compreasion coil, or
"flux shaper", wust be a flux surfdace ~ the time scales for translation
(1t tr ns) and compression (7 om ) f{n order to maintain the axial equilibrium
of FRC, but the omoung f open flux is influenced by the external
circuit. An additioral problem 1s that, unleas the energy confinement time
Tg 18 80 long that T ..o << 7T << Ty can be satisfled, a separate guide
f?eld in addition to the compregalon %ield i waeeded ir the compression
coll to confine the FRC prior to compression. Coupiing between the guide
field and compresafon field aystems muat then be considered.

In thle paper, we conslder several featuree of the problem of FRC
translation into a compression cofl., Firs., the magnitudec of the guide
field 18 calculated and found to exceed that which would be applied to a
flux conserver. Second, eunergy conservation is applied to FRC tramnslation
from a flux congerver {uto a compression cofl. It {8 found that a
efigniffcant temperature decreace Is required for translation to be
energetically poessible. The temperature change depeuds on the external
fnductance 1in the compressfon circuit. An analogous caeec {8 that of a
compression reglon composed of a cowpound magnet; In this case the
temperature change depends on the ratio of funer and outer coil radii.
Finally, the kincmatics of Intermedifate translation statee are calculated
using an "abrupt transitfou"™ model. It {8 found, fn thls wmodel, that the
FRC must overcome & potential hill during trauslation, which requires a
gnull {nitial velocity.

II. Trauslatfon into a Compreesiou Coil: We consider the eftuation {n
which a guiut ficld 1e preseat iv the compresaion coil to conflne the
trunslating I'RC prior to compreeelon., The guide fleld can be applied
clither by ewltching a capacitor bank C into the couwpresslon coll of
Inductance L, through an feolatiung tnduLLor Ly (Fige 1) or by cenerglzing a
gaparate cofl out.gide the compiosefon coll, Conﬂidcttng the former cade
. firet, wa wssume that the gulde field bLank 18 crowburrved at peak curveant to
provide the guide field. By equuatiang the flux iu the clreuit before and

after the ¥RC entews the comprassfon coll ¢ (Y + L, I, = (Ly + LY ), we
find (neglecting findite leugth corvectious) LhuL
1+ Ly/L
B - x 2y o MC
o - (1 Xu )BW v L“[I—:——-b (1)

Tu this exproselon B {s the putde fleld, B, ts the couffofing flold at the
wall after the FRC hae autevod, x. i Lhe Lutlo of WRC sepavatyix und coll
vadiL, and L. <L, fs8 the Loll fuducterce fu the presence of the FRC,
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Using ong-coil and cylindrical FRC assumptions for L (Lc = L.
(1 - x )/(zB + (1 - 132)(1 - za)) wvhere z_, is the ratfo of ¥R length Ea
to coii length zc) the guide field can be written as

B, = B,(1 - xnz + sz.xaz) (2)

where fL = LB/(LB + Lco)' The guide field required in the compression coil
for given x, and B, is larger than that needed in a flux conserver where
Lg = 0 and can approsch B, if Lg>>L., and the FRC fills the length of the
coil, The external funductence Eau E%e effect of reducing the Increase in
total current when the FRC enters, so more current is needed initfally.

The axial kinetic energy of the FRC can be determined by considering
the total energy of the aystem consisting of FRC, formation coil, and
compression cnil., The formation coil 1ies assumed to be crowbarred and
acting as a flux comserver. Before translation, the total emergy 183

2§ty + U + o,y 2 + U (3)

241 l,vac " 77171 2,vac
wvhere N and T, are the particle inventory and temperature in the formation
region, U; .. and U are the magnetic energles in the formation and
compressiod elecuits “fn the absence of plasma, m; 18 the fon mass, and v
is the initial axial velocity. After trauslation, the total energy 1s
v + 28T, + Lvmgv,2 + U (4)

1,vac 72 77472 2
where T and vy are the temperature and velocity following tramslation, U,
is the magnetic energy in the compression circuit and thc FRC, and where
losges are ignored.

The change of wmagnetic energy in the compression reglonm,
AUZ 2 Uy - U2,vac' can be written as

2
B
-l 2 2 l, ;2 _1 2 - w
Ay = FLR(I% = I,%) + (GLI% = Sho1,%) + Vppe(l = <BX)p (5)

where <f> 18 the volume-averaged beta within the separatrix. The first two
terms reprasent the onergy chauges in the external inductor and the coll,
respectively, and the third term 18 the magnetic euergy within the
separatrix. After some algebru, this can be written as

zgxg" fy,

In deriving this oxpressiou, Eq. 2 aud the approxiumate expression for coll

{inductance wore unaced.
By cquatiug (3) and (4) aud uelng (6), we find that

Tl +-15—m1(v12 - V22)
'['2 - 5
L4 2 E’f.‘iﬁﬁ

5 <4

This equafg?u reduces to the wveeult for trauslation between flux
congarvere-?"' wheu f, = 0 and ehows that T, 18 lower when fy > 0, The
magulcude ov thiwe decrease cau be fmportaut. Yo the cuue of the proposcd
FRX-1) expurlmunt,G xg = 08, fy 07, 2y * 1.0, aud <B> = 0.68 8o that Iy
s veducad by 21Z, Thus efther the formation vegfon mudt be dedigned to
form the YRS at higher toemperature to yleld the depifved temperature vaofove

. (7)
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compresaion, or the ccapression bank must be incressed to reach the desired
final temperature.

We now consider the casde in vwhich the comprecsion region ie a compound
magnet. The guide field 18 cthen provided by dc¢ rmagnet coils located
outside the compreesion coil. 1In general, the guide field colle must be
protected from the voltages induced by the transltation and compresaion of
the FRC., Thus thelr protective ciadding 18 a flux comserver on the
translation and compression time scalea. The compression colil is a flux
surface on these time scales and carries the azimuthal currents needed to
maintain the axial equilibrium of the FRC. However, the net azrimuthal
current must be zero since the compressional coli circuit 1is open before
compreasion. These constiralnts result in the relation between the gulde
and confining fields

B, = B, (1 - xsz + (1 - yz)zaxszl (8)

where y {8 the ratfio of flux shaper and flux conserver radii. This
equation is similar to (2) except that (1 - y 2y replaces f;. A calculatfon
of the total magnetic energy in the compound wmagnet coapressfon region
vields a result which differs from (6) in the eame way. Thus a lower final
temperature 18 uecessary in either cage. Of course, efther (1 - yz) or fL
must be kept close to unity to prevent excessive coupling between the
compression flux and coil cladding or between the compression bank and
guide field inductor, respectively.

III. Kinematics of the Transition: We have geen that translation {into a
compreasion coll requires & larger gulde field than translation into a flux
conserver. However, when only a fraction of the VYRC length has entered the
compression :oil, Eqs. (2) and ¢(8) ehow that {t encounters a larger
confining field B, than when 4ta fuil final iength s within the cofl.
Thus the FRC may encounter a potential hill between the Initial and final
states. In practice, thia effect may be uitigated by a traunsient
modification of the FRC equilibrium or by designing n tapered compression
coll to eoften the trensition in radius. In order to ecstfmate the
nagnitude of <t¢his effect, we have calculated the total evergy of the
fntcrmediate statwes using an "abrupt transition" model which may provide au
upper bound on the elze of the potential hill,

In this wodel, we assgume that a cylindrical FRC equilibrium encounters
an abrupt change fn wall radfus from the formatfion coll to the compressfon
cofl. We furthor assume that the vesponsc of the portion of the ¢ which
haes enterved the cowpression coil is goveruad by tho adlabatic laws”? for FRC
equilibrfa and by Eq. (2). These adiabatfc laws waere K found to be {iu
reasonshle agrecment with FRC trauslation cxperimcnte“ fn which TRCa
traversed a change {n wall redfue of 0.74 at uaxfal spceds approaching the
fon thermul speed; thus it muy be reasonable to uvee them fn this wodel,

The futerual f1u§;%& the ¥RC, assuming & typlcal diffude profile, {s
glven by ¢ = vy 2y wXs . Applying consarvatior of flux acrees the
trangicion, we nuvc

B Yyl 2 , %g1,3.25
(L= %02 + frzgxg0?) () () (257" w1, (9)
'Y L“2%42 Bo Ty Xy2




-4-

The YRC 1length 12 within the compressicn coll 1is estiwmated using the
adfabatic laws for the portion Vi, of the initial FRC length which crossed
the trancition:

V20418219<82>—07
Ly = 298, "’-1(—;,;) EIJ (<31>) . (10)

Equations 10 and 11 can be numerically solved for x as a function of v.
Thie permits the total energy of the intermediate state to be calculated as
a function of Vv using the adiabatic law to estimate T,:

<B>

Tw21-1.6(%821~2.6 0. 3
Tr = Ty |—— . 11
2 = T ) (25 >) (an

Comparison of the total energiee of the fInitfal and Intermediate states
yields

2
£

1 2.5 1 2,5 Z2X%g2 L

oV 3T = eyt + (L - VT + TZ VI35 (12)

The results of this calculation for the parameterg of FRX-D are illustrated
in Fig. 2. A potential hill 1is observed with a magnitude of abour
18 eV/particle. This requires an Initlal velocity of about 4 cm/us to
overcome, which fe relatively easy to produce in present FRC tramslaticn
experiments. Thus this effect does not appear to be a serious obstacle to
a translation and compression experilment.

IV. Conclusions: FRC trauslatfion into a compreseion coil in an adiabatic
compressional heating experiment differs eignificantly from tramslation
between flux conoervers. It 1s shown that traunglation Into a compression
coll requires more guide fleld and a lower final temperature because of the
interaction between the compression civcuit and the two poasible methods dy
which guide field can be applied. These effacts are of sgufficient
magnitude to 1influence vhe Jesign of a compreesional heatinp experiment.
An addftional potential hill may be present “Yetween the {ufitfal and final
stateg, but it can be overcome by a modest inlvfal tramslation velocity.
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FRX-D COMPRESSION COIL CIRCUIT
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Figure 1. Compression coil circuit for FRX-D, showing the
gulde field (Cp) and compression field (C.) capacitor
banks and the isolation (L) and load coil (L.g) inductances.

Flgure 2. Prediction of the "abrupt tranecition" wodel for the
translational potaential energy per lon as a rfunction of
the fraction v of the FRC which has crossed the transition.



